In a single well-mixed population, equally abundant neutral alleles are equally likely to persist. However, in spatially complex populations structured by an asymmetric dispersal mechanism, such as a coastal population where larvae are predominantly moved downstream by currents, the eventual frequency of neutral haplotypes will depend on their initial spatial location. In our study of the progression of two spatially separate, genetically distinct introductions of the European green crab (Carcinus maenas) along the coast of eastern North America, we captured this process in action. We documented the shift of the genetic cline in this species over 8 y, and here we detail how the upstream haplotypes are beginning to dominate the system. This quantification of an evolving genetic boundary in a coastal system demonstrates that novel genetic alleles or haplotypes that arise or are introduced into upstream retention zones (regions whose export of larvae is not balanced by import from elsewhere) will increase in frequency in the entire system. This phenomenon should be widespread when there is asymmetrical dispersal, in the oceans or on land, suggesting that the upstream edge of a species' range can influence genetic diversity throughout its distribution. Efforts to protect the upstream edge of an asymmetrically dispersing species' range are vital to conserving genetic diversity in the species.
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invasive species | marine genetics | phylogeography | physical oceanography N ovel genetic material can appear in a population through mutation, migration, or long-distance dispersal events which may be human-mediated. In a single well-mixed population, the evolution of the frequency of novel neutral alleles will be governed by random genetic drift, not their initial spatial distribution (1). However, spatial structure and complexity can alter this expectation. In a metapopulation linked by migration, alleles introduced into source populations are more likely to persist than those that are introduced into sinks (2-4). Many metapopulations are embedded in complex spatial systems with a preferential direction of migration ("asymmetric dispersal"). In these systems, little is known about the equilibrium frequency of novel alleles or how this frequency depends on the location where these new lineages appear.
Asymmetric dispersal is common where propagules are carried long distances by wind or water. In atmospheric, riverine, and oceanic flows, there is usually a predominant flow direction (downstream or downwind) that biases dispersal, and eddies or weather systems that slow or reverse such flow add a stochastic (and potentially upstream) component of migration. For example, many terrestrial plant species have propagules that can be dispersed by the winds (5) , and a recent study of the spatial patterns of diversity in moss, liverwort, and lichen flora in the Southern Hemisphere were found to be best explained by the predominantly downwind dispersal (6) . Further evidence that asymmetric dispersal can structure a species' genetic patterns in ecologically important ways can also be found in fungal rust plant pathogens that are dispersed by winds: long-distance dispersal events can lead to the repeated introduction of genetic lineages from upwind regions into downwind ones, where they cause new disease outbreaks (7, 8) .
Asymmetric dispersal is common in coastal marine systems for species with planktonic larvae. Mean currents transport most larvae downstream even as some larvae are dispersed upstream by eddies (9) . In such systems, a study of the spatiotemporal evolution of the distribution of newly introduced, or locally evolved, genotypes as a function of the location of their origin will help us understand how asymmetric dispersal structures the population. It will also demonstrate which regions are most important to the genetic diversity of the overall population and how changes in these areas can impact the genetic structure of the species over the rest of its range. Theoretical work argues that novel genetic information introduced into the upstream edge of a population is likely to persist (10) (11) (12) (13) . Neutral genotypes that are introduced or arise elsewhere in the range will tend to be lost as deceased adults are replaced by migrants from farther upstream. The upstream edge of the species domain can retain new genotypes because there is little or no external immigration from farther upstream (14, 15) , and so the population must be maintained by local production. This upstream region will export migrants containing these genotypes downstream, which will, in time, spread the genotype throughout the entire species' range.
Species introductions provide a unique opportunity to examine the genetic consequences of asymmetric dispersal. Because introductions in their early stages are typically not in equilibrium, they provide an opportunity to observe the evolution of gene frequencies. From an applied perspective, understanding the spread of invasive genotypes is also essential for identifying source populations and potential harbors for future invasions.
Here, we describe one such introduction of novel genotypes into a coastal marine system and document how the location and prevailing circulation patterns that govern dispersal allowed newly introduced and quite rare haplotypes to grow in frequency in the population. The European green crab, Carcinus maenas (hereafter Carcinus), is a widespread invasive species that was first observed in the eastern United States in 1817 (16) (Fig. 1) . It took w80 y for the crab to expand north of Cape Cod to the Gulf of Maine and then another 50 before it became established in Halifax Harbor. For several decades, ephemeral populations were witnessed northeast of Halifax, Nova Scotia, but they did not persist. In the 1990s, the crab displayed what appeared to be a rapid range expansion throughout the Canadian Maritimes (17) . Genetic analyses revealed that these new populations of Carcinus were genetically distinct from downstream populations, suggesting a recent, novel introduction to northern Nova Scotia in the late 1980s or early 1990s, likely originating from northern populations in the green crab's native European range (18) . The repeated introductions of Carcinus therefore provide an excellent natural experiment to test theories of population genetics and asymmetric dispersal.
In an 8-y study of the mitochondrial haplotype distribution of Carcinus in the Gulf of Maine and along the Scotian Shelf of northeast North America, we examined the evolution of a cline that has formed between the population established in the 19th century and the newly introduced lineages that have been established for less than 20 y. We tracked the spatial evolution of a cline between two invasion fronts and uncovered two important patterns: (i) The downstream movement of the cline increases the frequency of the newly introduced upstream haplotypes and makes the composition of downstream regions more like that of the upstream edge of the species' range, and (ii) the downstream progress of this cline and the increase in the frequency of the upstream haplotypes are broadly consistent with the circulation in this region and the assumed neutrality of our molecular marker. In the course of this analysis, we develop a prediction for the future evolution of the cline that is robust to errors in our knowledge of larval dispersal and the demographic parameters of Carcinus.
Results
To test the hypotheses that the lineages introduced at the northeast edge of Carcinus' range will spread downstream (southwestward) and increase their frequency in the population, we analyzed changes in haplotype frequencies across three generations of Carcinus along the Scotian Shelf and the Gulf of Maine. Young of the year from 2002 and 2007 were collected, sequenced, and compared with a baseline collection from 1999 to 2000 (18) (Fig. 2) . The haplotypes are presented in two major classes in our analysis, one for the preexisting 19th-century lineages (southern haplotypes), and a second for the recently introduced haplotypes (northern haplotypes). Details on these groupings can be found in ref. 18 and Materials and Methods.
Over our 8-y timeframe, there has been a widespread increase in the recently introduced lineages. The spatial averaged frequency of the northern haplotypes between Louisbourg, Nova Scotia, and Cape Cod increased by 25% from 1999 to 2000 to 2007 (P < 0.01, Table 1 ). This average is not equivalent to the change of the haplotype frequency in the population because it fails to account for spatial variation in population density (Materials and Methods). However, the northern haplotype frequency increases from 1999 to 2007 at nearly all sampling locations except for those at the extreme northern edge of the range (Fig. 2) , suggesting that the haplotype frequency in the entire population is also increasing.
Coincident with the overall increase in the frequency of the northern genotypes, the haplotype frequencies across the sampling area have become more similar to those at the upstream edge of the domain. A comparison of the level of population differentiation (F st ) value from Louisbourg, at the upstream edge ) . The estimates of larval dispersal are then compared in the discussion to estimates derived from the observed regional ocean circulation to determine whether the evolution of the haplotype frequency is consistent with circulation-driven asymmetric dispersal. Assuming allelic neutrality, the model estimates that the mean distance the larvae transported downstream before recruiting, L adv , is 67 ± 17 km, whereas the SD of the larval transport distance, L diff , is 234 ± 19 km. L diff is greater than L adv , suggesting significant upstream transport of larvae even as most move downstream. Interannual variability does not influence these estimates greatly, for we get similar estimates of L adv and L diff if the model is fit to only the data from 2002 or 2007 (Table  2 ). These estimates are robust to errors in the demographic parameters; changing the lifespan by 2 y or changing the age/fecundity relation biases the estimates of L adv by w20% ( Table 3 ; the origin of the sensitivity is described in Materials and Methods). We have no evidence of a selective advantage for the new lineages-all observed substitutions in these lineages are silent and in the third-codon position, and both haplotype classes are increasing in frequency at the locations where they have recently arrived. Regardless, selection of 0.1 for or against the northern haplotype relative to the southern haplotype biases estimates of L adv by w30% (Table 2 and Materials and Methods). This dependence on demographic parameters and selection is not strong enough to change the conclusions presented below.
The observed cline between the northern and southern haplotype assemblages shifts downstream (to the southwest) and broadens with time ( Figs. 2 and 3 ). The modeling predicts that this evolution will continue after 2007, with the frequency of the southern haplotype continuing to decrease in the south (Fig. 3 ) and increasing slightly in northern populations. The location of the midpoint of the cline should shift south by w300 km from 1999 to 2000 to 2021. This prediction is robust to errors in the demographic parameters and selection; the model compensates for any error in these parameters by biasing its estimates of larval dispersal parameters L adv and L diff to maintain the fit to the observations. The model's robustness is quantified by the error of the fit between model and data (the sum of the squared difference between the modeled and observed haplotype frequencies; "Error" in Tables 2 and 3 ). This error only changes slightly, and the predictions of the future cline positions through 2021 do not change, when we include moderate selection (s w ±0.1) or when we change demographic parameters (Materials and Methods). In the long run, however, a favored southern haplotype would begin to grow in frequency again if, as observed, it is present at the upstream edge of the species' range.
Discussion of the Carcinus System
In our 8-y investigation, we observed several noteworthy patterns that illuminate the effects of asymmetric dispersal on genetic diversity patterns in advective systems: (i) We discovered a downstream shift in the position of the center of the genetic cline between established haplotypes and those introduced within the past several decades, (ii) we observed an increase in the overall frequencies of the newly introduced haplotypes throughout the crab's range, and (iii) we witnessed a decrease in pairwise differentiation (F st ) between sites across the crab's range. Along with our estimates of mean dispersal given above, these patterns are consistent with recent theories of genotype spread and clinal evolution in advective coastal ocean systems (10) . The mean downstream transport of larvae, L adv , drives the downstream shift in the cline between the two haplotype classes and leads to the increase in the introduced haplotypes' abundances in the population. Fewer than 20 y after the upstream establishment of the new invasion front, the dominant southwestward coastal currents ( Fig. 1 ) have increased the frequency of the introduced haplotypes throughout the Scotian Shelf, the Gulf of Maine, and even as far as Long Island Sound, 1,800 km to the south. These population-level changes in haplotype frequencies illustrate the sensitivity of the upstream border of a species' range to anthropogenic change, whether in the form of new introductions or habitat changes that create new retention zones or allow the species range to expand upstream.
The variability in the transport of individual larvae L diff increases the width of the cline (Fig. 3) , leading to genetic admixture, with the southern haplotype becoming present in the northernmost sampling sites and vice versa. The magnitude of L diff is greater than that of L adv , indicating significant upstream larval transport, which drives the spread of the southern haplotypes into the upstream-most portion of the range; this spread is significant because the appearance of the southern haplotype class at the northern edge of the range should allow those haplotypes to persist in the population (10) . Both the downstream shift in the cline and the incursion of the southern haplotype into northern populations has reduced the pairwise differentiation observed between the northern sites and the downstream locations. Left unanswered in this analysis is why stochastic larval transport had not moved the crabs with the southern haplotypes northward before the second introduction. The area just to the west of Halifax may have lacked sufficient retention zones for Carcinus to persist and spread to the Strait of Canso and Chedabucto Bay, currently an important retention zone. It is also possible that Allee effects before the establishment of crabs in northern regions after the second introduction prevented sporadic larval recruits from establishing populations upstream on their own; however, our current observations cannot confirm or refute this hypothesis.
The observed downstream transport of the larvae that drives the movement of the cline is consistent with local oceanographic conditions and our understanding of coastal larval dynamics. Estimates of the regional currents (summarized in Materials and Methods) suggest a mean downstream transport of 280 km for a surface drifter in the core of the coastal current for the planktonic duration of the larvae; this would be the mean downstream transport of larvae that moved immediately to the core of the coastal current after spawning (w30-50 km off shore), remained at the surface, drifted in the core of that current for their entire larval duration, and then moved immediately back to shore to settle. It is implausible to expect the Carcinus larvae to make this exact journey with this exact timing because, at least until their later stages, the planktonic larvae cannot swim a significant distance across the shelf. Also, the larvae do not spend all of their time at the surface (19, 20) . Shanks and colleagues have found the observed mean dispersal distance of larvae is usually three to five times less than what one would predict from the larval duration and the mean surface currents in the central part of the continental shelf (21, 22) . Our estimate of L adv is consistent with this finding.
The SD of the larval transport distance (L diff in Table 2 ), which describes the variability of dispersal experienced by individual larvae, is higher than would be expected based on the regional circulation statistics. L diff is driven by the variability in the currents experienced by larvae spawned at different times or entrained into different coastal eddies (9, 14) ; it could also include the effects of other larval transport mechanisms, such as shipping or fisheries. There is strong weather system-driven (23, 24) and interannual variability (25, 26) in the coastal current; its SD is comparable to the mean, suggesting that the upper limit on the stochastic component of larval transport should be the magnitude of the mean larval transport L adv (14) . Despite these expectations, the variability in larval transport diagnosed by the model from the evolution of the cline is w3.5 times greater than the mean larval transport. It does not seem likely that this discrepancy is caused by larval behavior because behavior that shelters larvae from the mean flow should also shelter it from the variability in that flow. Rather, this discrepancy suggests that there is some long-distance larval dispersal that is not well captured by the statistics of the local circulation.
We cannot determine from the data whether the large stochastic long-distance dispersal (i.e., the high value of L diff ) is because of the transport of larvae by unusual and extreme oceanographic conditions or by some other (perhaps anthropogenic) transport mechanism. The model is sensitive to any larval transport mechanism, and even a small number of extreme events can significantly alter the SD. For example, there is a clear 
(significant at P < 0.05). This site has characteristics that predispose it to anthropogenic transport of Carcinus; the 2007 sampling was in a small fishing port where both bait transport and water discharge are potential vectors. Moreover, there is strong evidence that anthropogenic transport is responsible for the spread of Carcinus from Nova Scotia to eastern Newfoundland, suggesting that anthropogenic transport might also be important within our study area (27) . Regardless of the mechanisms contributing to stochastic dispersal, its magnitude is likely to aid in the persistence of southern haplotypes in the population.
Asymmetric Dispersal and Population Structure
Spatially realistic models can be helpful in the study of coastal broadcast spawners, plants whose seeds are dispersed by prevailing winds, and other species influenced by asymmetric dispersal. Unlike evenly mixed populations, the frequency of neutral haplotypes that arise in the upstream portion of a species' range can increase simply because of location. These dynamics should apply to any introduced or native species with asymmetric dispersal; in the absence of a strong selection gradient (10), barrier, or other mechanism preventing migration from upstream, genetic diversity throughout the range should eventually mirror the upstream-most population. These results can aid in the management of native species: The protection of the upstream portion of a species' range will be vital in efforts to protect coastal populations and conserve genetic diversity. They also suggest that the best areas to concentrate eradication or mitigation efforts of invasive species with asymmetric dispersal would be in upstream populations because these areas are contributing larvae and genetic material to downstream populations (3, 4) .
The ability of the upstream edge of a species' range to control genotype frequencies throughout its distribution suggests several counterintuitive phenomena. As climate changes, species ranges will shift. For example, along the east coast of North America, there has been a poleward shift in species ranges since the end of the last ice age, moving the range boundaries upstream against the prevailing coastal circulation (28) . Range expansions are often associated with genetic bottlenecks and founder effects, such that genetic diversity is reduced in the region the population expands into (e.g., ref. 29). The reduced genetic diversity at the upstream edge will then reduce the genetic diversity downstream in the rest of the range, suggesting that upstream range expansion in asymmetrically dispersing species might potentially result in a reduction in genetic diversity throughout the population. This is an important consideration not only for invasive species, such as Carcinus, but also for native species with asymmetric dispersal-such declines in genetic diversity could result in adverse effects in native populations, which may already be strained by other anthropogenically induced disturbances such as habitat degradation and destruction, pollution, overharvesting, and, of course, invasive species.
Because changes in allele frequency in the upstream portion of an asymmetrically dispersing species' range will be reflected elsewhere in the range, alleles that are favored at the upstream edge of an asymmetrically dispersing species will be likely to grow in frequency in the entire population. In systems where climate change is expected to move species range limits upstream (i.e., where the upstream direction is poleward), this expansion might tend to push the evolution of the species everywhere in its range toward traits that are favored in the region into which it is expanding. The observations presented above have shown how asymmetric dispersal has increased the impact of a secondary introduction of an invasive species on its population genetics. We have discussed how it allow changes in a species range to modify its genetics throughout its range. Ultimately, our observations suggest that asymmetric migration allows any processes that affect the population genetics of a species at the upstream edge of its range to alter the population genetics of the species everywhere. Data Analysis. Haplotypes were grouped into two classes as described in ref. 18 . The southern haplotype class, shown in white in Fig. 2 , includes haplotypes that were part of the original founding population and is found in the southern part of the range and in museum samples collected in southern Nova Scotia before 1976. The newly introduced northern haplotypes, shown in black in Fig. 2 , were introduced on the northern edge of the range in the late 20th century. The frequency of the haplotype classes is given for each year and location in Fig. 2 . Summary statistics for genetic variability are available in Supporting Information, and details of the mapping of this data to alongshore distance and the Monte Carlo error estimation of allele frequency are given in SI Materials and Methods.
Materials and Methods
The fraction of the southern haplotype is shown as a function of alongshore distance in Population Modeling. The numerical model is based on the work of Pringle and Wares (10, 11) and simulates the downstream motion of the cline between the two haplotype assemblages. This spatially explicit model allowed for an age-structured population with age-dependent fecundity and density dependence caused by habitat limitation. It can include selection in favor of either haplotype assemblage. The model parameterized the larval dispersal in terms of the mean distance the larvae that successfully recruited are dispersed downstream (L adv ) and the SD of their dispersal distance (L diff ). Because of the great uncertainty in the alongshore variability of the population density, especially the subtidal population (31), we assume that the population density is uniform. In the model runs, the dispersal kernel is assumed to be Gaussian (9); qualitatively identical results were obtained with a Laplacian dispersal kernel. The model is initialized with the distribution of the allele classes observed in 1999-2000; these observations mixed individuals from all year classes, and so the model is initialized with the same allele frequency for all ages and the population at its carrying capacity.
The details of the demographic and life-history parameters used in the model are given in SI Materials and Methods. The demographic parameter with the largest impact on the models prediction of the cline's evolution is the maximum age of the adults. The origin of this error is described in SI Materials and Methods, and a doubling of lifespan roughly halves the speed of downstream advance of a cline (cf. refs. 32 and 33).
Any selection for one of the haplotype assemblages would also change the speed the cline moves. As discussed in SI Materials and Methods, if the northern haplotype assemblage (or those genes associated with it) is favored everywhere in the domain, it will cause the cline to move southwestward faster, and if they are selected against, it will tend to cause the cline to move downstream more slowly, or even upstream.
The model is then fit to the observed haplotype frequencies to estimate the larval dispersal parameters that produce the best match between the modeled and observed haplotype frequencies. Powell's method is used to find the values of mean larval transport L adv and the stochastic component of larval transport L diff that minimizes the sum of the square of the difference between the modeled and observed haplotype distributions in 2002 and 2007 (34) . Because the 2002 and 2007 sampling focused on the young of the year, we compare modeled young-of-the-year haplotype distributions to the data. Results are shown in Tables 2 and 3 . Random errors in L adv and L diff attributable to sampling statistics are estimated with a Monte Carlo resampling of each location 1,000 times from a binomial distribution with the same expected value and number of samples as the observations. We cannot precisely quantify the errors in our estimate of L adv and L diff because of errors in our understanding of demographics or selection, for we do not have an a priori estimate of the uncertainty in our knowledge of these parameters. However, because the model finds the L adv and L diff that provide the best fit to the observed haplotype data, any error in our understanding of demographic parameters or selection will lead to errors in our estimate of L adv and L diff while keeping the evolution of the haplotype frequency consistent with the observations. Errors in parameters that tend to slow the downstream motion of the cline, e.g., a longer lifespan or selection for the southern haplotype assemblage, would lead to an increase in the model's estimate of L adv to compensate, whereas the converse would happen if we underestimated the lifespan of Carcinus or if there were selection for the northern haplotype assemblage. The sensitivity of the model's estimates of L adv and L diff to these errors is shown in Tables 2 and 3 . However, even if we err in our estimate of the demographic parameters of Carcinus, the model still produces estimates of the past and future distribution of the haplotypes that do not change. This lack of change is seen in the sum of the squared difference between the modeled and observed haplotype distributions, the error in Tables 2 and 3 . This error does not increase significantly, and the predictions of the future cline positions do not change, when we include selection (Table 2 ) or when we change demographic parameters (Table 3) .
Expected Larval Dispersal Parameters from the Regional Ocean Circulation. The expected mean and SD of the Carcinus larval transport distance can be roughly estimated for the Scotian Shelf and Gulf of Maine under rather idealized models of larval behavior. Although these estimates are very rough, because of the uncertainty in our knowledge of the larval behavior, they form a comparison point to the estimates found by fitting the haplotype evolution model to the observed haplotype data. The details of the regional oceanography and larval planktonic durations used to estimate these distances are given in SI Materials and Methods.
The mean downstream transport of larvae L adv would be 280 km if the larvae moved immediately to the core of the coastal current after spawning (w30-50 km off shore, over the 60-to 100-m isobaths), drifted in the core of the coastal current for their entire larval duration, then moved immediately back to shore on settle. However, it is quite implausible to expect the planktonic larvae to be able to move immediately to the core of a current tens of kilometers off shore and then to return promptly when they are ready to recruit. Thus, we must treat 280 km as an upper bound on their transport distance and expect the actual larval transport to be smaller, perhaps quite significantly so. Comparisons of mean larval transport estimated from mean currents to indirect estimates of larval transport suggest that the estimates from midshelf currents tend to overestimate the mean transport distance by a factor of 3-5 (22) .
The SD of the larval dispersal distance L diff of the larvae released by an adult is driven by two distinct phenomena: (i) the dispersal of larvae released in a single dispersal event by eddies and fluctuations in the mean currents (9) and (ii) the varying dispersal distance of larvae released by a single adult during different seasons or different years (9, 14) . The larger of these two will dominate the total L diff . Details of the estimate of L diff from the variable circulation in the Gulf of Maine and Scotian Shelf are given in SI Materials and Methods; they show that the estimate of L diff is dominated by interannual and intraseasonal variability in L adv and should be of the same order as L adv .
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Data Analysis. To model larval dispersal, it is necessary to linearize the coastline by mapping the observations onto a measure of alongshore distance that is parallel to the dominant currents. The along-shore distance is defined by the great-circle distance measured between the observation and waypoints marked by the black line in Fig. S1 . The mean currents in the area are shown in Fig. 1 (7-10) . In the Bay of Fundy, Manning et al.'s analysis of drifter data (9) shows that most drifters (and thus presumably larvae) cut northwestward across the bay around the location of Port George (see drifter tracks in Fig. S1 ). As modeled, our path cuts across the Bay of Fundy at this location. The zero distance is located on Cape Cod at Barnstable, MA, our southwestern-most collection locale in the Gulf of Maine; distance increases to the northeast.
The frequencies of the two haplotype classes are linearly interpolated between the observation points to provide a continuous estimate of haplotype frequency from Connecticut to Louisbourg (northeast Cape Breton). Several closely spaced sites are combined together for the analysis. These sites are shown as red dots in Fig. S1 .
Errors in our data were dominated by sampling statistics: at each location and time, we have between 10 and 58 individuals collected, with w20 individuals in most samples. Error analysis of the frequency data were performed with a Monte Carlo resampling of each location from a binomial distribution with the same expected value and number of samples as the observations. The linearly interpolated data are then averaged between Barnstable, MA, and Louisbourg, Nova Scotia, to obtain a spaceweighted haplotype frequency. The means and SEs are given in Table 1 . This frequency is equivalent to the frequency of the haplotype classes in the population only if there is no alongshore variation in population density.
Demographic and Life-History Parameters of Carcinus. The demographics and fertility of Carcinus are parameterized from observations and laboratory data (11, 12) . The adults are assumed to live 5 y, and they become reproductively mature in the second year. Fecundity of the adults is assumed to increase linearly with age, doubling from the second year to the fifth. (Fecundity grows linearly with size is from ref. 13 . Linear increase in size after sexual maturity is from ref. 14.) Because the model as used here assumes the total population density is in steady state, the absolute levels of fecundity do not matter, only the relative change with age.
Sources of Error in Modeling Cline Evolution. The demographic parameter with the largest impact on the models prediction of the cline's evolution is the maximum age of the adults. Lifespan impacts the speed at which a cline drifts downstream because the allele mix of downstream populations in the next generation is determined not only by the larvae that arrive from upstream but also by the adults at the downstream location that have not died yet, relieving competition for habitat. For a species that lives for five generations, larvae from upstream replace only 1/5 of the population at any point each generation, but in the species that only lives one generation, all of the adults at a location are descended from larvae that came from upstream in the last generation. Thus, the longer the adults live, the longer it will take for the population at a downstream location to be entirely replaced by migrants from upstream. The persistence of adults carrying the downstream haplotypes in turn reduces the export of larvae carrying the upstream haplotype from that location to locations farther downstream. Both of these mechanism slow downstream cline motion and are illustrated in Fig. S2 . A doubling of lifespan roughly halves the speed of downstream advance of a cline (cf. refs. 15 and 16) .
Any selection for one of the haplotype assemblages would also change the speed the cline moves. Fisher, Cavalli-Sforza, and Moran (17) (18) (19) argue that selection will cause a cline to shift away from the initial location of a favored haplotype and that this shift in cline position is equivalent to the shift a mean downstream larval transport would produce (20) . Thus, the speed of cline movement can be thought of as the sum of the "speed because of selection" and the "speed because of the mean downstream transport of larvae." If the northern haplotype assemblage (or those genes associated with it) is favored every-where in the domain, it will cause the cline to move southwestward faster, and if they are selected against, it will tend to cause the cline to move downstream more slowly, or even upstream.
Estimating Larval Transport Parameters from Oceanographic
Conditions. The expected mean and SD of the Carcinus larval transport distance can be roughly estimated for the Scotian Shelf and Gulf of Maine under rather idealized models of larval behavior. The circulation in this area is dominated by a baroclinic current centered roughly over the 60-to 100-m isobath, with slower currents off shore and in shore of this depth (7, 9, 10) . At the core of the current, the surface velocity is greatest, and the current decreases roughly linearly with depth to slower speeds near the bottom. We used the well-measured currents on the 65-m isobath in the Gulf of Maine (21) to parameterize larval transport. These currents are comparable to currents at similar depths in the Mid-Atlantic Bight (22) and along the Scotian Shelf (7). McMullin (21) found that the mean summer currents at the 65-m isobath in the Western Gulf of Maine was w8 cm/s at the surface and 5.7 cm/s at middepth, with somewhat faster currents to the east (10) . The mean distance that the larvae would be expected to be transported, L adv , is given by the strength of the mean current times the larval duration (23) . As in figure 3 in deRivera et al. (12) , larval planktonic duration is expected to decrease as the water warms. The warmest surface waters of the year near the Nova Scotian coast are w17°C when the larval duration is expected to be w40 d; for the colder waters, w10.5-12°C near the Bay of Fundy, the larval duration is closer to 60 d. The waters at a depth of 25 m are more uniform in temperature and range from 10.5 to 12°C, also suggesting a larval duration of w60 d. [Temperature estimates are derived from a climatology of historical hydrographic data in the Bedford Institute of Oceanography Climate Database (8) ]. It is unclear what the mean depth of the larvae is while they are in the plankton, although there is evidence of complex vertical behavior in Carcinus (24, 25) . Using McMullin's estimates of the flow speed and the larval durations given above, L adv is w280 km both for larvae that stay at the surface the entire time and those that stay at middepth because the decrease in current with depth is largely offset by the increase of larval planktonic duration (21) .
The SD of the larval dispersal distance L diff of the larvae released by an adult is driven by two distinct phenomena: (i) the dispersal of larvae released in a single dispersal event by eddies and fluctuations in the mean currents (23) and (ii) the varying dispersal distance of larvae released by a single adult during different seasons or different years (23, 26) . The larger of these two will dominate the total L diff (26) . For larvae released in a single spawning event, L diff is given by the square root of the product of the larval duration, the decorrelation timescale of the currents, and the square of the SD of the currents. Observational data from the Gulf of Maine (8, 21, 26) give a SD of the subtidal alongshore currents of w6 cm/s and a decorrelation timescale of w2 d, leading to an estimate for L diff from a single release of w50 km. The variability in larval dispersal driven by seasonal and interannual variability in the mean currents is set by the SD of the mean alongshore currents on these timescales; observations (10) suggest that this variability is of the same magnitude as the mean, which gives an L diff that is of the same size as the mean transport L adv (26) . Because our estimate of L adv from above is much greater than the 50 km variability expected in larval dispersal from a single release, the estimate of L diff is dominated by interannual and intraseasonal variability in L adv and should be of the same order as L adv . Fig. S1 . Map of the sampling locations. The green squares mark the C. maenas sampling locations used in the analysis, and the distance along the shelf is measured along the black lines connecting these points. The red dots are locations where haplotype data were gathered and lumped with nearby stations. Inset shows drifter paths in the Bay of Fundy region (data from ref. 1). Fig. S2 . A simple model of the spatial evolution of a cline in haplotype frequency in two organisms whose larvae move one habitat space to the right when they disperse. In A, the organism lives for five generations; in B, the organism lives for one generation. Haplotype frequency is represented by shading in the pie chart, and fecundity is constant with age. For organisms that live for 5 y, only 1/5 of habitat spaces open up each year. Thus, the larvae bearing novel haplotypes from upstream into a habitat take 5 y to replace the downstream haplotypes, and the downstream shift of the cline is slow. For the organisms that live for only 1 y, the invasion of the novel allele is much faster because the entire population at a location is replaced by larvae from upstream each year.
Dataset S1. Site locations and haplotype class frequencies for sites Dataset S1 (XLS)
Columns within the haplotype class section are frequencies of the southern haplotype class (represented by haplotypes 1, 2, and 3), the northern haplotype class (represented by haplotypes 4, 5, and 6), or other rare haplotypes (7, 8, 10 , and 56) observed across sites. Haplotypes are classified as in ref. 1 
